ABSTRACT A seasonal study of organic matter mineralization rates was made at 8 intertidal stations in the Westerschelde Estuary (The Netherlands). Organic matter mineralization rates, based on the gaseous emission of carbon dioxide and methane, showed significant dynamic temporal and spatial variability at various scales. Annual rates of organic matter mineralization varied from 8 to about 339 m01 C m-2 yr-l. The temperature dependence of organic matter degradation was described using an Arrhenius-type equation. Activation energies ranged from 54 to 125 kJ mol-' and correlated negatively with depth-integrated rates of mineralization. Spatial differences in mineralization were mainly due to differences in the lability of the organic matter, since the quantity of organic matter was similar between stations on an area1 or volume basis. Average first-order decomposition rate constants ranged from 0.2 to 7 yr-' and decreased towards the seaward end of the estuary due to ageing of riverinederived material. Intertidal sediments were estimated to account for about 25% of the total carbon retention in the Westerschelde estuary.
INTRODUCTION
Estuaries lie at the interface between freshwater and marine systems forming the transition between these 2 environments (Martens & Goldhaber 1978) . They are highly variable and dynamic systems with large seasonal and spatial gradients (Heip et al. 1995) . In order to evaluate the importance of benthic mineralization in biogeochemical cycles of estuarine ecosytems, it is therefore mandatory to consider temporal and spatial variability. Although there are many studies of benthic mineralization rates in estuarine systems, most are restricted to a limited salinity range (e.g. Hargrave & Philips 1981 , Hammond et al. 1985 , Silverberg & Sundby 1990 , Therkildsen & Lomstein 1993 or have an incomplete seasonal coverage (Boynton & Kemp 1985 , Burdige 1991 . Notable exceptions are the studies of 'E-mail: jack.middelburg@nioo.nl "Present address: Dutch Geological Survey, Richard Holkade 10, 2033 PZ Haarlem, The Netherlands sedimentary carbon mineralization rates in Norsminde Fjord, Denmark (Jerrgensen & S~r e n s e n 1985), the White Oak River estuary, North Carolina, USA (Kelley et al. 1990 ), Chesapeake Bay, USA (Roden & Tuttle 1993a, b) , Tomales Bay, California, USA (Dollar et al. 1991 , Chambers et al. 1994 ) and some Texas, USA, estuaries (Yoon & Benner 1992 , Zimmerman & Benner 1994 . In all these systems, rates of benthic carbon mineralization show pronounced seasonality according to temperature, while significant spatial variability is observed in the White Oak River estuary (Kelley et al. 1990 ), Chesapeake Bay (Roden & Tuttle 1993a, b) and Galveston Bay, Texas (Zimmerman & Benner 1994) , but not in Norsminde Fjord ( J~r g e n s e n & Splrensen 1985) or the Nueces and Guadalupe estuaries in Texas (Yoon & Benner 1992) . Studies on benthic mineralization in estuarine ecosystems have been limited not only in terms of their temporal and spatial coverage, but also in terms of their habitat; i.e. subtidal versus intertidal. The majority of studies on benthic mineralization in estuaries report and discuss results for subtidal areas only (Heip et al.. 1995) , with the exception of those executed in the Bay of Fundy, Canada (Hargrave & Phillips 1989) , and Flax Pond, Long Island, USA (Mackin & Swider 1989 ). Yet intertidal sedjments cover large areas in meso-and macro-tidal estuaries, are an important site for the accumulation of sediments and associated organic matter, and are the type of sediments most often studied for their fauna1 composition (Heip et al. 1995) .
In t h~s paper we report results of a seasonal study of sedimentary organic carbon mineralization rates at 8 intertidal stations along the salinity gradient of the Westerschelde Estuary, The Netherlands. Mineralization rates are based on the inorganic carbon efflux and exhibit significant spatial and seasonal variability.
MATERIAL AND METHODS
Study site. The river Schelde, with a total length of 330 km, flows through France, Belgium, and The Netherlands before it flows into the North Sea (Fig. 1) . The tidal amplitude varies from 2 to 5 m, and tidal exchange (about 45000 m3 S-') is more important than freshwater discharge (50 to 200 m3 S-') in the estuary. Due to the tidal range, intertidal sediments are the primary site of benthic carbon mineralization and carbon burial in the Westerschelde Estuary (Soetaert & Herman 1995) . The Schelde is heavily polluted by the discharge of important cities, active industrial areas and intensive livestock farming. As a consequence, the estuary is a highly heterotrophic system with annual carbon losses ranging from 16 to more than 100 m01 C m-2 (Soetaert & Herman 1995) . In the tidal freshwater part of the estuary, mineralization results in suboxic to anoxic conditions in, the water column.
Approach. Rates of organic matter mineralization can be estimated from: (1) the consumption of organic matter, (2) the consumption of oxidants and (3) the production of metabolites. Each of these 3 approaches may be based on experimental rate measurements or chemical gradients in combination with mass-balance considerations (Jargensen 1983 . Henrichs 1993 , Middelburg et al. 1993 ). Carbon mineralization rates reported in this study were assessed using the third approach, namely the production of CO2 and CH4, the 2 major end-products of carbon mineralization. Intertidal sediments may release inorganic carbon ( X C 0 2 , CH4) as dissolved CO2, HC03-, CO3'-and CH4 during inundation or as gaseous CO2 and CH, during exposure. Organic carbon mineralization rates will be based on the release of gaseous carbon compounds during air exposure. Sampling. In order to study the rate of sedimentary organic matter decomposition as a function of organic matter input and decomposition pathways, 8 representative intertidal tidal flat stations were selected (see Table 1 ). All stations were located high in the intertidal zone where sediments are exposed to air at least (Fig. 1) . Replicate measurements of carbon dioxide and methane fluxes were made monthly from September 1990 through December 1991 to provide information on organic matter decomposition rates along the estuarine gradient and seasonal variability. Flux measurements were made systematically at low tide and within a single week for each estuarine survey. Wooden walkboards were constructed and used to reduce disturbance caused by repeated visits and to reduce spatial variability. Results for Doel have been presented by Middelburg et al. (1995) .
In order to determine short-term variability, additional measurements were made at the intermediate brackish station Lillo. Firstly, between June 5 and 25. 1993, duplicate flux measurements were made each day to determine the daily variability of gaseous fluxes and, its possible relation with the spring-neap tidal cycle. Secondly, on July 8, 1993, carbon dioxide and methane fluxes were determined starting immediately following air exposure until subsequent flooding. These data give information on the variability over an 8 h period of exposure.
Gaseous flux measurements. The release of carbon dioxide and methane was measured by monitoring accumulation of the gases beneath chambers placed over the sediment surface. The chambers had a 0.1 1 m2 base, a volume of 45 1 and were made of non-transparent polypropylene. During the Lillo semi-diurnal tide experiment a polypropylene base was installed to prevent any spatial variability and to reduce sediment disturbances during chamber flushing.
Carbon dioxide and methane concentrations were measured by circulating chamber air through Teflon tubes between the chamber and the gas monitor. Measurement with the multi-gas monitor used, a Briiel & Kjaer type 1302, is based on the photoacoustic infrared detection method. Briefly, after thorough flushing of the Teflon tubes and analysis cell, the air sample is hermetically sealed in the analysis cell. The light emitted by a pulsating infra-red light source and purified by a narr o w b a n d optical filter is selectively adsorbed. The temperature of the gas increases and decreases in response to the pulsating light transmitter, and this causes an equivalent increase and decrease in the pressure of the gas in the closed cell. Two ultrasensitive microphones mounted in the cell are used to measure this pressure wave, whlch 1s directly proportional to the concentration of the gas. Various gases can be measured in the same sample using different filters. A sequential measurement of carbon dioxide and methane takes about 90 S. Detection limits for carbon dioxide and methane are 3 and 0.1 ppmv, respectively, and the response for both gases is linear u p to several thousand ppmv. The reproducibilities at ambient levels are about 1 and 10%, respectively. Fluxes were calculated by regression analysis from the recorded change in concentration over time, usually about 30 min; regression slopes with a significance of p > 0.05 were considered to be non-significant. Slopes tvith p < 0.01 were usually obtained tvith minimum detectable fluxes of 0.13 mm01
The results were also used to distinguish bubbling events from diffusive fluxes, since bubbling events may cause an abrupt shift in detector output (Fig. 2) . Diffusive fluxes, either molecular or enhanced by bubble tubes, result in a continuous increase, whereas ebullition causes an episodic increase in methane concentrations. This partitioning approach has, however, a bubble detection resolution between about 2 and 30 min, which is determined by the measurement frequency a n d duration respectively. Very high bubbling frequencies (<2 min) will result in a semi-continuous rise in methane concentrations. Similarly, bubbling events may not be recorded during the measurement period if the bubbling frequency is too low.
Sediment. During each sampling period and a t each station, the porosity, salinity and the organic carbon (C) and nitrogen (N) contents were determined at 3 or more depth intervals. Porosity was calculated from water contents (weight loss on drying at 105OC) assuming a dry density of 2.55 kg dm-3; salinity was calculated from the chlorinity determined by potentiometric titration with AgN03. Sediment C and N contents were determined using a Carlo-Erba CN analyzer following a recently developed in situ HC1 acidification procedure (Nieuwenhuize et al. 1994) . Statistics. Annual flux estimates were calculated by integration of the curves connecting monthly averages of replicate measurements. Standard errors are based on the bootstrap technique, a nonparametric method (Efron 1979) . All other standard deviations are based on a normal distribution and are combined errors using the square root of sum-of-squares technique for propagation of errors assuming independence of errors. Analysis of variance (ANOVA), based on log-transformed data, was used to evaluate significant differences between stations and the significance of seasonal, daily or hourly variability. Other statistical calculations were made following Sokal & Rohlf (1995) using SYSTAT (Wilkinson 1990) .
RESULTS

Site characteristics
Intertidal sediments in the Westerscheldt Estuary a r e generally dominated by silt, but vary from silty mud to fine sand. The muddy sediments at Durme had the highest porosity (0.85), while the sandy sediments a t Bath had the lowest porosity (0.54; Table 1 ). Average pore-water salinity ranged from 0.8 psu a t the tidal freshwater station Durme to 26.5 psu at the most saline station, Ellewoutsdijk (Table 1) .
The organic carbon a n d nitrogen contents of the sediment varied from 1.4 to 4.6 wt% and 0.09 to 0.42 wt% C and N, respectively; there was no gradient between 0 and 40 cm. Molar C:N ratios range from 13.2 to 22.3. Sediments from the tidal freshwater stations had the highest C and N contents and lowest C:N ratios. However, if concentrations were expressed on a volume basis rather than on a dry weight basis there were only minor differences between the stations (Table 1) .
Carbon dioxide and methane fluxes
Fluxes of carbon dioxide and methane from the sediments to the atmosphere were highly variable, both in space and time, with a range of about 4 orders of magnitude (Fig. 3) . Annual rates of carbon dioxide emission varied from about 8 m01 C m-2 at Bath to about 137 m01 C m-2 at Durme (Table 2) . Annual methane emission rates ranged from about 0.04 m01 C m-2 at the saline stations Waarde and Ellewoutsdijk to about 200 m01 C m-2 at Durme. The total amount of carbon emitted annually varied from 8 to 339 m01 C m-2 yr-'. ANOVA analysis of the carbon dioxide and methane flux measurements indicated highly significant differences between stations (CO2: n = 238, F= 102, p < 0.0001, CH,: n = 189; F = 141, p < 0.0001) and seasons (CO2: n = 238, F =44.8,p<0.0001, CH,:n= 189;F=5.1,p<O.O001).Due to the unbalanced nature of the ANOVA analysis, it was not possible to determine interaction terms.
Temperature
In order to determine the temperature dependence of carbon fluxes, the emission rate data were fitted to the Arrhenius equation:
where A is a pre-exponential factor; E, is the apparent activation energy (kJ mol-l), R is the gas constant (8.314 X 10-3 kJ mol-' K-') and T is the absolute temperature (K). Temperature varied annually between 2 and 22°C. Apparent activation energies and Qlo values for carbon d~oxide and total carbon release varied from about 55 to 125 kJ mol-' and 2.2 to 6.3, respectively (Table 3 ). The rate of methane emission was not significantly related to temperature (p > 0.05).
Temporal variability in gaseous carbon fiuxes
Daily carbon dioxide fluxes at Lillo varied from 17.5
to 227 mm01 C m-2 d-' and averaged 120 * 9 mm01 C m-2 d-I (Fig. 4) . Methane emission rates ranged from less than 0.14 to 189 mm01 C m-2 d-', with a mean of 21.6 + 4.9 mm01 C m-2 d-' . ANOVA results indicated that differences existed between days for carbon dioxide (n = 39, F = 2.015, p = 0.039) and methane (n = 33, worse than 10% showed that there was no relation between gaseous carbon fluxes and the neap-spring bon dioxide emission rates were not significantly affected by the time of measurement (n = 11, F = 1.7, p = 0.29), whereas the methane flux was (n = 11, F = 7.1, p = 0.03). A post-hoc Tukey-Kramer test indicated that the methane flux measured between 15:OO and 17:OO h differed from the fluxes measured during the first few hours (p = 0.04), but not from those measured at other times. This variability in methane emission at hourly time scales is due to the episodic nature of ebullition (e.g. see Fig. 2 ). Bubble escape rates were high immediately following exposure and just before inundation (Fig. 5 ). This may be related to the pressure release during falling tide (Chanton et al. 1989) or to a Fig. 6 shows the seasonal cycle of carbon dioxide fluxes at Lillo for 1991, as well as more limited data that are available for 1990 and 1993. The agreement in carbon dioxide fluxes between these 3 years is good considering possible interannual differences in meteorological conditions, river discharge, etc. For comparison, we have also included depth-integrated rates of carbon dioxide production measured in 1991 and 1992 at Ballastplaat, a nearby intertidal flat (Panatrakul 1993). These depth-integrated carbon dioxide production rates are based on depth-lntegrated sulfate reduction rates obtained by whole core incubation with 3 5~0 4 and a stoichiometric factor of 2 (2CH20 + -+ H2S + 2HC03-). The excellent agreement between measured carbon dioxide ernission rates at Lillo and carbon dioxide production rates based on sulfate reduction at Ballastplaat has 2 major implications. Firstly, this similarity reinforces the interannual reproducibility of seasonal patterns. Secondly, the strong agreement implies that carbon diox- ide fluxes measured at low tide provide a good measure of depth-integrated carbon dioxide production rates.
DISCUSSION
In the absence of any oxidants, organic carbon mineralization through fei-mentative processes results in the production of equal amo'unts of carbon dloxide and methane according to:
The availability of oxidants results in a proportionally greater amount of carbon dioxide relative to methane, either directly:
CHzO + oxidant + CO2 + reaction products (3) or indirectly through oxidation of the methane formed by fermentation: CH4 + oxidant + CO2 + reaction products (4) Accordingly, the net production of carbon dioxide and methane integrates all metabolic processes involved in carbon mineralization since these 2 components are the ultimate reaction products.
If steady-state conditions apply to a sediment system, then the sum of all reactions in the sediment should be balanced by the flux out of the sediment, and the combined effluxes of carbon dioxide and methane provide a measure of organic matter mineralization rates. These estimates may, however, deviate from true mineralization rates if (1) there is assimilatlon of carbon dioxide by chemoautotrophs within the sediment or photoautotrophs at the sediment surface (Kelley et al. 1990 , Chambers e t al. 1994, Zimmerman & Benner 1994), (2) there is significant dissolution or precipitation of carbonate minerals (Aller 1982 , Anderson et al. 1986 , McNichol et al. 1988 , Green et al. 1993 , Heip et al. 1995 , and (3) steady-state conditions do not apply. Assimilation of carbon dioxide by (chemo) autotrophs can usually be neglected on seasonal time scales and is assumed not to be quantitatively important (Zimmerman & Benner 1994) . Assimilation of carbon dioxide by microphytobenthos or other photoautotrophs was not possible in our study because measurements were made in the dark. It is not easy to correct our data for carbonate reactions because there may be dissolution reactions in the surface layer and precipitation reactions in the deeper layers of the same sediment (e.g. Aller 1982 , Anderson et al. 1986 ). For Long Island Sound sediments, Green et al. (1993) reported a mean net calcium carbonate dissolution rate of about 5.5 mm01 C m-2 d-l, with seasonal rates varying from no net dissolution up to about 19 mm01 C m-2 d-l. However, other studies, including that of Mackin & Swider (1989) with intertidal sediments in Flax Pond, Long Island Sound, have shown that carbonate dissolution/precipitation reactions do not contribute significantly to carbon fluxes.
Non-steady-state conditions may arise if production rates exceed emission rates and there is a build-up of XC02 and methane in pore water, or vice versa if effluxes exceed production rates and pore-water inventories decrease. Under such transient conditions, inorganic carbon effluxes will only reflect net production rates if corrections are applied for storage changes . This uncoupling between emission and production rates is more important for methane than for carbon dioxide. Carbon dioxide is relatively soluble in water and any increase/decrease in production rates will result in both highei-/lower pore-water inventories and higher/lower emission rates, the net result being a slight delay of carbon dioxide emission rates relative to production rates . Due to the low solubility of methane, pore-water concentrations of methane may exceed the solubility limit and gas bubbles are formed upon continulng production of methane. These gas bubbles are released when hydrostatic pressures decrease during falling tlde (Chanton et a1 1989) . Data from the Lillo 8 h exposure experiment are consistent with this bubble release mechanism, though the significance is rather low (Fig. 5) . Since our flux measurements were made at low tide, we may have overestimated the flux of methane at stations where ebullition occurs, i.e. at Durme, Notelaar, Doel and Lillo.
Although our carbon dioxide fluxes were measured over a period of 30 min and at low tide only, they are representative for long term carbon dioxide release. Firstly, carbon dioxide emission rates were not significantly affected by the time of measurement during the 8 h Lillo tidal exposure experiments (Fig. 5) . Secondly, carbon dioxide fluxes measured at low tide at Doel are consistent with carbon dioxide production estimates based on CC02 pore-water proflles , whlch have characteristic time scales of weeks rather than hours. Thirdly, carbon mineralization rates based on flux measurements at Doel and Lillo are very similar to carbon dioxide production rates based on sulfate reduction at the nearby Ballasplaat (Panatrakul 1993) By incubating whole cores with "SO4 for 5 h. Panatrakul obtained depth-integrated rates of 24.8, 162 and 22 mm01 C m-2 d-' In April, July and December 1991, respectively. These carbon dioxide production rates correspond closely with those based on carbon dioxide fluxes at Doel (37.6, 157. 26 .7 mm01 C m-' d-', respectively) and Lillo (37.1, 149, 11.2 mm01 C m-' d-l, respectively; Fig. 6 ). Moreover, annual carbon mineralization rates at Ballasplaat based on sulfate reduction (18.8 m01 C m-' yr-', Panatrakul 1993) are very similar to those based on extrapolation of shortterm carbon dioxide flux measurements made during air exposure at Lillo (19.3 * 3.4 m01 C m-2 yr-l) and Doel (18.6 ? 2.9 m01 C m-2 yr-l).
Being aware of these restrictions on the applicability of emission rates as a measure of total mineralization rates, we will assess the relative importance of fermentative and oxidative pathways of organic matter mineralization. At the most saline stations, Paal, Bath, Waarde and Ellewoutsdijk, organic matter mineralization occurred through oxidative pathways (>g7 %), and methane fluxes can be neglected in carbon budgets (Table 2) . Fermentative pathways could potentially account for all mineralization at Durme and Notelaar, for about 60% at Lillo and about for 24% at Doe1 (Table 2) . Although these numbers probably are overestimates due to the tendency of methane to escape at low tide, they do indicate that fermentative pathways are important in freshwater and brackish-estuarine sediments. Sulfate availability, and hence salinity, has been reported to be the primary factor determining the relative importance of methanogenesis versus sulfate reduction in organic carbon mineralization in estuarine sediments (Bartlett et al. 1987 , Capone & Kiene 1988 , Kelley et al. 1990 , Heip et al. 1995 .
Effect of temperature on benthic mineralization rates
The temperature dependence of benthic mineralization is usually observed to be exponential and is modelled using an integrated form of an Arrhenius-type equation (Vosjan 1974 , Aller & Yingst 1980 , Westrich & Berner 1988 , this study). It should, however, be realized that the Arrhenius reaction rate law relates the reaction rate constant (k), not the rate, to the activation energy and temperature. Moreover, the Arrhenius equation has been derived for well-defined chemical or enzymatic reactions for which the activation energy is constant by definition (Stumm & Morgan 1981). Organic carbon mineraIization involves the activity of a variety of microbial populations consisting of hydrolyzing, fermenting, acetogenic and resplrlng bacteria on a complex mixture of organic compounds. Hence, the activation energy estimated with Eq. (1) is an apparent activation energy, i.e. a measure of an ecological temperature response of the total microbial community, rather than an activation energy in the thermodynamical or biochemical sense (Westnch & Berner 1988 ). There is no theoretical reason for apparent activation energies of benthic mineralization to be constant (Tarutis 1992) since the processes involved may shift with time, temperature, oxidant availability and reaction progress.
Apparent activation energies for benthic mineralization reported in the literature vary from 23 to 132 kJ mol-l ( (Table 3 ). This range of values suggests that the temperature dependence of benthic mineralization rates is highly variable and may depend on the substrate and processes involved.
Direct evidence for variable apparent activation energies has been reported by Crill & Martens (1987) and Westrich & Berner (1988) . In Cape Lookout Bight (North Carolina, USA) sediment, the apparent E, for depth integrated sulfate reduction rates is 114 kJ mol-' in the summer and 23 kJ mol-' in winter. Crill & Martens (1987) attributed this change in E, to a change in the reaction mechanism between summer and winter. On the basis of laboratory experiments and field measurements in Long Island Sound, Westrich & Berner (1988) showed that the temperature dependence for sulfate reduction increases as the overall rate of mineralization decreases. Moreover, these authors observed a higher temperature dependence for sulfate reduction rates with increasing depth in sediments, which they attributed to decreases in mineralization rate and rate constants of the organic matter with depth.
In Fig. 7 , the apparent activation energy of organic carbon mineralization in the Westerschelde Estuary is plotted versus the annual rate of organic matter mineralization. For comparison the data reported by Westrich & Berner (1988) are included as well. For both Westerschelde and Long Island Sound sediments, there seem to be fair correlations (r = 0.88 and 0.78, respectively) between apparent E, values and depth integrated rates of mineralization. This relation for the Westerschelde also holds if only carbon dioxide production is considered, though the correlation coefficient is somewhat lower (r = 0.63).
Interpretation of these trends is not straightforward. Methodological artifacts can not be excluded, but are unlikely since the Westerschelde trend is based on field measurements of carbon dioxide production, whereas the data from Long Island Sound are based mainly on 35S sulfate reduction rated measured in the laboratory, but with some field measurements included. The trend observed for Westerschelde sediments might be explained by invoking a very tight coupling between temperature and local organic matter input at the more saline stations with relatively high rates of net primary production (Soetaert et al. 1994 , Kromkamp & Peene 1995 and low mineralization rates, and no or limited coupling between temperature and organic matter input at stations with high mineral-ization rates. However, net primary production in the Westerschelde is very low and not significant in the carbon budget (Soetaert & Herman 1995) . Another possibility could be that the microbial populations at sites with high mineralization rates have a lower ability to respond to temperature changes than those at sites with lower mineralization rates. This mechanism could perhaps explain the laboratory experiments of Westrich & Berner (1988) , but not their or our field data, since microbial populations have ample time to develop and adapt on seasonal time scales. Autoinhibition at high mineralization rates due to the accumulation of metabolites could account for both the laboratory as well as the field data. Inhibition due to accumulation of sulfide can probably be excluded since dissolved sulfide concentrations are low in Long Island Sound sediments (Westrich & Berner 1988 ) and the suspected inhibition in Westerschelde sediments is highest at the freshwater sites, where sulfate reduction is likely less important. Finally, Westrich & Berner (1988) proposed that organic matter that is less susceptible to degradation might have a higher apparent activation energy for decomposition. This mechanism is consistent with the trends reported in Fig. 7 . Whatever the cause of these trends may be, the use of a constant temperature correction factor (either E, or Qlo) in modelling seasonal rates of benthic mineralization at regional scales may lead to inaccurate results. 
Spatial differences in mineralization rates
Rates of organic matter mineralization exhibit significant spatial variability (Fig. 3) with mean rates Distance from sea varying from about 340 m01 C m-2 yr-I at Durme to about 8 m01 C m-2 yr-' at Bath (Table 2 ). The rate of organic matter mineralization depends primarily on the quantity and quality of the organic matter available (Westrich & Berner 1984 , Middelburg 1989 , Boudreau 1992 . The quantity of the organic carbon, as usually expressed on a dry weight basis, decreases going downstream from the tidal freshwater stations to the marine stations (Fig. 8A) . For ecological studies, it is more appropriate to express the amount of organic matter available for decomposition on a vol-
._, expressed on a volume (Table 1) or an area basis (Fig. 8A) , there is no estuarine gradient. Accordingly, Sound data integrated to 1 m (Westrich & Berner 1988) The reactivity of organic matter IS usually expressed in terms of a first-order rate constant (Berner 1980 , Hargrave & Phillips 1981 , biiddelburg 1989 where R IS the rate of organic matter minerallzatlon, C is the concentration of organic matter and k IS the first-order rate constant. For sediments receiving a certain amount of organic carbon, the residence time or the time to reach 95% of steady-state concentrations can be calculated according to (Hargrave & Phillips 1981 ):
Residence time = -ln(0.05)/k = 3/k Assuming steady-state on an annual basis, the residence time can also be obtained by dividing the organic carbon inventory in the upper 10 cm of the sediments with the depth-integrated mineralization rate. Organic carbon residence times in the upper 10 cm of Intertidal Westerschelde sediments vary from 0.4 to 18 6 yr ( Fig 8C) . First-order rate constant for bulk organic carbon in the upper 10 cm vary from 0.2 to 7 yr-' (Fig. 8C) . Although the magnitudes of organic carbon residence times and first-order rate constants depend on the depth chosen, the relative differences in organlc matter reactivities remain. Bulk organlc matter in the upper 10 cm of intertidal sediment at Durme has a n average first-order rate constant about 43 times that at Bath. The range, as well as the magnitude, of firstorder decay constants in surficial Westerschelde sediments is similar to those observed In surficial sediments of Chesapeake Bay (0.2 to 14.6 yr-l; Burdige 1991) The quality of organic matter, as expressed by its first-order decay constant, decreases upon mineralization because the more labile substrates are consumed first, with the remaining substrate consequ.ently being more refractory (Westrich & Berner 1984) . This ageing effect has been observed in several environments covering various time scales (Middelburg 1989) . The spatial distributions of mineralization rates and firstorder decay constants shown in Fig. 8 are conslstent with input of allochthonous organic matter from both the river a n d sea, and subsequent ageing of this organic matter. A recent carbon budget study of Soetaert & Herman (1995) indicated that each year about 104000 t C are imported, about 19000 t C are produced by autotrophs within the estuary, about 117000 tonnes C are consumed and, about 7000 t C are exported to the North Sea. Soetaert & Herman (1995) also showed that a relatively small amount (1000 t C yr-') of relatively nitrogen-rich material is imported from the sea and that the majority of autochthonous carbon is produced in the marine part of the estuary.
The allochthonous organic matter entering the estuary from the river is very labile since it is composed of undegraded sewage sludge and dying freshwater algae and bacteria (Soetaert et al. 1994 , Soetaert & Herman 1995 . While being transported downstream the organic matter undergoes decomposition and not is supplemented with fresh labile organic matter because autoch.thonous production is limited to the marine part (Soetaert & Herman 1995 , Soetaert et al. 1994 . As a result, the overall lability of the organic matter decreases and both the mineralization rate and the first-order decay constant decrease (Fig. 8) . In the marine part of the estuary, import of 'fresh' marine organic matter and local prlmary production result in, a slight increase of labile organic matter and organic matter mineralization rates.
Finally, the annual carbon mineralization rates established in this study can be used to estimate the contribution of intertidal sediments to the total estuarine consumption of organic carbon (l17 000 t C yr-'; Soetaert & Herman 1995). Implicit in our approach is the assumption that mineralization rates measured in the upper intertidal zone can be considered representative of the entire intertidal zone. Rates of annual carbon mineralization rates in the compartments defined by Soetaert & Herman (1995) were multiplied by the area of intertidal sediments in these compartments. The total amount of organic matter minerallzed in intertidal sediments of the Westerschelde Estuary is about 16000 t C yr-l, with about 50% of the mineralization occurring in the lower 50 km of the estuary. Our estimate for mineralization in intertidal sediments is very similar to that (21000 t C yr-l) reported by Soetaert & Herman (1995) , partly because they have used the data reported in this study for their model calibration. Estimates for organic carbon burial rates in Westerschelde sediments are very scarce. Soetaert & Herman (1995) reported an annual loss of 1000 t C yr-l and Middelburg et al. (1995) suggested a burial rate of 12500 t C yr-l. On the basis of these estimates, intertidal sediments represent a net carbon sink of about 23000 to 29000 t C yr-', which is about 25 to 30% of the total estimated estuarine retention of carbon (98000 t C yr-'; Wollast 1976 , Soetaert & Herman 1995 . These very simple calculations provide first-order estimates only, but they do indicate that intertidal sedlments are a significant component in estuarine ecosystems.
